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X-MY IMAGING OF BIoLWIM SPECM?NS

Jobmdale C. So!rn

‘heretical DIvIaion

Lon Alamm National hbaratory

Lon Almmm, N- tkXICO 87545

Abctract
I ccqmre ●ltecnacive techniques for x-r.y ima~lng of biolo~ical opeci-

meno on the basin of (1) trannverne and longitudinal resolution, (2) depth
of fs.eld, (3) choice of recording medl-, ●nd [L) recording ●fficiency. 1
chow tIIaL for ●ll lma~lng tecfcolquen, Lhe dosages ●uffered by specinmin
● re so high t~t the livin~ state camtrot be preaemed, nor can the struc-
tural lnte~rlcy of the specimen be maintained in che umiial oense.

Introducclon—

tfsny retiearcbers ● re ●n:mged in ctudiea chat may ●xtend the ● rt of ●icroscopy 10LO Lhe ●xtreme uiLravlGl?L
●nd x-ray range The lmpeLus in three-fold: (1) obtaining higher renolutio-r imaging becauae the recrclutlm
of all focnn of mlcrnscopv IS ultimately limited by the wavelensta of the particle beam .sed. (2! ~lcarp
changes in atomic crona sectlrns owlnS LO photoelecLrlc ●dgeo or resonances In theLr vlclnlty Gffcr concrasts
in blnlogical npeclmens cnat have been prev:ouoly u.navatlable without staining, (3) in maGy caaen the speCi-
men dosage level~ are lower than with electron microscopy; ●nd (~) some tecmlques ❑ay reveal thre:-
<lmenJianal Info-tlon tnat has !n Ltie pasL required laborious Correlation of la.ge cumbcra of Lhln Eec-
L1OLIS The 030rL-WVelrXIstlI techniques presently uradrr lnvabtiSation dlvlde roughly trtc tnrae categories
[11 ccntact lm~ging. (ZJ lenn imaging, ●nd (3) ●icraholography

Contsct Imaling

Contact ●Lcroscopy1”2”3 or ❑icrostaadowgraphy ham been developed to ● high level of _GphiStlC~LIG~
Shado=Srams •r~ ■ade b, placing th~ specimen 41rectly on s smooch recording curface and ●xponir!g toe ❑acerlal

LG an x-ray nohrce ;he cectanique uIually ●mploys photoreslat ● n ● r.,cording medl~ phoLrireIlst l.fre-
q.ently caliad a-ray re~L~L in rhlt wavelength regimej LO ● polymer used in tne ■lcrcllttiogrsphy. wnich
reccrdm tiie irrc~dauce of radis?.ion FV bremklng crvss-link~ In tbe polywer,
locally iens

which in turn rendern LOP material
renlttant LC ●tcbanLs After developln~ tlia remlat in ●tching ■oluLlon. the ■icrcgrach i4

examlaed with an ●lectron zicreo:Gpe Usually viewed with ● scanning ●lectron ●lcromcope. Lhe res.i!a!ic
● tched reslct teoeml?les ● contour plot of Lh@ local x-ray opacity of the specimen Such 3-D pioLs of IFI:I-
❑en trsnamltsion can -weal real quan-.lcative data on the prenence of npecific ●lemental or ● ven chmical
L;ndn wlthi!t Lhe opatclmen

Contact ●icrocopy lmaten only thooe features in lrrtmate contact wlch the recording rurface If Ltie
teaturen have cranmver~e diwncion 5, than diffraction limlct the depth of fltid to 6;;4. khere \ ,s th?
x-ray wav~lengtb. i ● , the range of scceptabl~ blurrins 10 from Lhe recording surface knLo the tpecimen a
dintance bai4 This 1- nraewhat co~llcated by the character of the renist An the radiation 10 dlffrmcL@a
tirouod tne fest,lreI it ● n ~rs the tecist ●t •u~let deviating from normal. ●nd Lhe concomlLant ●lecrron ~how-
●ro tend to converge or croso ● n .~ey penetrate the r~oiat. TliiB suggentn that more resnlutlon cold M
o~tained wi:h.mt loos of nanoitivlty by conatructin~ the record~ng surfa:e of ●ultiple Lbln layer- of reslrt’
●cd computer umfoldln~ fcaturea near che diffraction limit Thin could ●lso correct for the ●ffect oi tran~-
verne ●tcliint in tbe vicinity of re~lonn of hL@a expoawre

The ulLLr-”e resolution -f reolnt im 5-16 ~,i ●nd in a Lradeoff betwen secondary rlectron ranse imafl~
wrw by shorter \) trrd diffr~ction in the pol~r itoelf (made warme by longer Al The optlmu IS ●ho.1
A ● 5 rim, ●nd chLr, problem ●i@t ●loo be •ttt~atetl by th. ●ultiple layar techariq,le

&no Imaa- .—

There hre tkm distinct ●pproachon to lenm Jmaging- (1) ●n optical microscope analocuwB Ln whlcli tb~ len~
is used to proJect am imge of the ●icroobJect oato ai rccordtn~ ourfa:o, ●d (2) ● mcmmLn~ cecnniq.e’ in
which tha lent in um~d to focufi s rayo frcm ● symchrotron mource into a ●mall ration of th~ opeclmen. the
Lrmnamlo.ion being rocordad by ● p-oporcicual Coumtor

In the x-rsy reai~ there ● re ro prficticml refractive lonsen. We must ua~ diffraction by a Frrsr~i Zone
plste to obtain focucming The trmnnraro~ resolution ubtaimeble by ~enn-imaSin# tech.nLques in limiLrd to Ln@
finect ●pacimg of the ireonel ●one plate. re:ardlens of the type of technique bcina unod TfIJa IQsol”LioII
cam bc refLned cwbac by plaring ● pinhole ● t the focus of the aone plate, whsre it 1s practical ●nd LhP
pinhole can b- fabricated co higher precision than the Bona plate Prenent ●icrolitho~rapliy tcchnlquca
parmlt r~soarchern to construct sone pl~tea of •kml~ oparimgs
trrin~ tcchmiqueos

of ●bout 3C0 a, ●ltboush ““Jelly-roll mput-
My ●mtenaf tbe art well be~ond this roaulutiorr Th@ longitudinal re~olullon. Whlcn II



identicmliy the depth of field, is S2/A where S in the finuat zone ●pacing (er pinhole diameter). Unlike
contact ●icroscopy, the focal point may be set ●nywhera in :he rpec~n.

Scsrr.nins hafi ● dimtinct sdvantagc over ~.he optic-l ●icroscope ●mlogue: the ●peckn ●zponure can be ●uch
leaa. Not only can ● hi~h ●fficiency, large-bolid-angle detector be used, but the inefficiency of passing
through the specimen first ●nd zom plate second l= tiv~ided. The technique -Y localize feature- by fluores-
cence as bell ● s trannmiorlon, :.flAing tO it- versatility. Furthe*re, by enlarging the focal -pot we csu
tchieve ● trade-off between reool.ution ●nd mpecimc~, dosaSe.

Hicrohololrsphy

Advantages of ●icroholography are: (1) it can be lenmlemo, (2) it permits reconstruction of three-
dimenslorral information ●bout the npecimen, ●nd (3) it ●voidn the confusion thmt reoaltn from the larEe depth
of field of the lensing techniques. There are two baoic typos of holography: (1) Frronel-tranoform holo-
graphy, which uses planar refereace waves; ●nd (2) Fourier-transform holo~raphy, which uaen curved refereace
waven.

An Gtbor”a origintilly conceived it, Fresnel-transform holography ia ●n inherently nimple technique: In
its most rudimentary form it umes the ● ame beam of radiation both to prosida the reference waves ●nd to
Illuminate the ●pecimen. The Gabor technique, however, req.ires the recordin~ surface to be in the far field
of the epecimen in order to suppreos obccurakion of tbe virtual i~ge by the real image in reconstructing th~
holograms Thuo tbe ucefulnosa of Gabol holo~raphy it limited to high contrast npecimeum with internal
featurem whome ■rsbtended ● rea divided by the wavelength im omall c~ared with the distance from the specimen
to the recording nurface, io The Leitb-llptnieks ●odificstionL1 of Gabor’o original ocb~ ●ntails projecting
reference waves at an off-axis ●nsle, which maken the virtual msd real imsem spatially meparated in recon-
struction. Complete separation is obtained if the off-axio ●ngle ●xceadn the wavelenitb divided by the
specimen resolution. A disadvantage of Frecnel-transform holography io thtt the resolution of the ●icrograph
in limited to about twice the grainsize, A, of the r~cording surfmce. *a

Fourter-transfot-m hologr#phy19’14 circumvents this problem. Secause of the curved r!ference waveo,
spacing between fringes cao be indefinitely ●xpanded by moving the recording ourfsce sway fri,b the re[errnce
source. Thurn ordinary film, photocathode devices, lb ●nd ● ven wire chambrrrnla can be uoed for recording the
hologram. A difficulty with Fourier-transform holo~raphy Ie Cenerat~n~ the reference waves, Ideally Lhe
reference waves ● re spherically diverslng, i.e., tenerated by ● Fresnel zone plate, in w!?:ch Crnse the trans-
verse resolution of the holosram (an in the lens im~ging technique) ic limited by tile mtni=,~ np~cing of the
Fre~nel Lone plate, i~ or to the size of the pinhole placed at the zone plate’s focu;. similarly, Lie longi-
tudinal resolution in S2/A, but fully three-dimensional information is recorded. Interpretable holoSramrn
will be Benerated with minimum exposure of Lhe specimen if the intensity of the rpec~men’a sctttered wtives is

approximately the stme as the intensity of tte reference waveo. io Thin is slmo true for Fresnel transform
holography. To ●nnure phsse matching, the same nource io used to illuminate the specimen ● n Lo &enerrnLe the
reference wlvec, therefore it seems likely that one would use # Frecnel-zone-plate-and-pinhole ●rrar,gemenL.
W: can ●loo use a reference mcatterer’s of ●rbitr~ry nhape, providint we ●ither know the detailed scatterlrrg
propertleo of that reference scatterer, lg or we ● re ●llowed to take ~eparate ●xp~aures with the speclaen ●nd
reference ocatterer to~ether, the tpeci~n, and the Dcatterer.

A nearly d}stloct variant is the far-field crystalo~raphic technique, io resembling holography kn Lhe senst
Lh#* a reference scmtterer snd opecimen ● re ●zposed simultaneously. However, the reference sca~tere,r may b~
a periodic ● rroy, ~nd we obtain the ima~e by ●xpoolng the specimen rnd scatterer tngether ●nd sep,,ratrly ●nd
compuLin8 the specimen’- ntructure from the neplrate ●xposures.

Exponurea——

Because of the quantum nsture fif ●lectromagnetic radiation, the proreon of inferring the detslle-1 Reom?(-
rlc trrantement of scattering ●nd ●bsorption within the specimen is inherently ntatietictl, In tbe short
wave!ensth region, scattering on the atomic level in Dmell compared to abaorptiers, For bioloaictil ~perlm~ns
scattering is ●airily owin~ to diffraction about locally opaque ●tructurem, ‘t TbLU ● ituatLon dlffer~ pro-
foundly from the visible region, where most of whmt we nee ic owin~ to reflectlnn ●nd refravtlon. In th?
vinlble reIlon thr number of quanta ocattered per resolution ●l~ttt is =xtr~ly large, mnd the qll#uLUE
enrrgy 10 ●bout two or’fern of maSnitude lees than in the ultrasoft x-rsy rcgi~ o! ititere~t, , Therefore it IB
rarely neceneary to da~ge the opacimen in proceae of obtainins diffraction-limited r~solution,

Two factoro mffcct the ●xponure the apecimn munt muffar to ottsirrt drsired ime~e r~solution: (1) th~
number of photono required co obtain ● ●tstictically oiunificant contract betueen th~ festur?s we tre tlylna

to otudy and the medium it which they ● re imbodded; ●nd (2) the recordir’q efficleneu for thooe pholonm
rhe mtatintical ●npectn of contsct hnd lano ims~in~ have been studied extenoivrly by Sayre, z(”il rt al,

●nd the statistical t~pecca of Fourier-tranafom holography mt well at tlm optimal, ●d]urt~ntt o
and reference intennitien have been ctudiod hy Kondratenko ●nd Skrinsky,’a To obta(n an :mage w
cal contrant rou~hly tnalogoun to n S:I nisnal-to-noioe ratio using ● modified fo.m of the crl’
duced by Rome, la we find the ~peciwn will nuffer ● do~ate

f]r
i-
u-

1)



383,

where p ● re the probabilities of ● photon @irIgiM ● SQIC renolutiors ●lmnt then produclnt ao ● veot of
the typ%’b use to form the imzge. In the s- spirit ●s Sayre, the subscript f refers to ● feature we ● re
trying to imge ●nd the subscript s refers to the h~genized “soup” that elementally c~riuem the specimeo.
W have ass-d all conmtituentt to be the nw density, po, ●n average thickneso of the specimen im x, ●nd
the recordinS ●fficiency is c. If the principal ~chaniam of image formation ia absorption, i.e., we ● re
formins ● nhadow whether by leoo or coutact technique, then p = @m,f where a = ●zp (-p (x - 62/A)) mnd

P = ●n!-pa,f62/Al, ●nd V. f ● re linear absorption coef?i’r!ients. w#re being used,
-If

If fluorescence
where p f S* linear fluorescence coefficient.

‘s’f;b!o;o~~~~, the p.~t of the interference pattern containing infometion ●bout fine fe.ture. of the
●pee-n in found ● t larte acmttering ●ngleo. la Proper ●djus-nt of the reference int.ennity can make tbene
fringen hi~h contramt ●ven if the specimen is intrioaically 10U contrsst. The diffractive scattering cross
●ection of a semiopaque feature im a~~ro:imately the geometric cromn ●ection r~ltipled by the nquare of the
x-ray ●xtinction through the feature. he dosage to the ●peci-n when the reference intenmity i- optimally
●djunted for frinte contrant16 of the fetturen we want to resolve is given by Eq. (1) with P6 f = a[l
- B ]~/4.

?Afle 1 mhowo the dosage muffered by various ●pecknm in ●ttempting to record ●n imate to transverse
resolutions of 6 = 5, 10, 20, ●nd 50 M. The ●peci~ns are treated realistically ●nd reasonably good ●sti-
mates of their actual composition sre uned, They ● re meant to be representative of the types of tblngh that
●ighC be of biological intereot ranging over 12 orders of magnitude fr~ viruses, through mycoplosma, through
the simplest prokaryotes to the hither eukaryoLen. The domhte assues that the specimeu in question is being
imaged along its treatest dimension, i.e , presenting its lea-t dimension to the x-ray illuminator. We
● ssume hv = 400 ●V ●nd that the features we are oeeking to imate are made of protein.

Docatem are given in rad (100 ●rg.g-l), ● popular metric for biological damate. In h-ant, whole-body
doses of nore than 100 rsd ● re considered dsngeroun, 1000 rtd io ●lmost slways fatal, ●nd 10,000 can CDI:%e

prompt incapacitation. There ● re ao- bacteria that can survive 10° rad.z3 Table 1 nhowa that ●xtremely
hlth dosagea Ire required to imase virunes, ptrtly becauae of their size, but ●o?tly becaune of the low
contrs~t between protein ●nd nucleic ●cid St 400 ●V. For cells, the do-ate reuino fairly fltt betwern
masoem of 10-14 co 10-S t, w~tbin ●ach resolution cstegory, mainly owing to slow increame in soecimen thLck-
nesa, but alao owint to incremse in the water-co-protein ratio ● m cells *et lsrger.

tlicroholo~rsphy requirea aomwhat hither donate to obtain the saw resolution at contact or lens imaging,
but Lh? difference is not dramatic. The donate decrea FO more rapidly with decreasing resolution because the
ncatterin~ cross nection of ● feature increaaer ●s tbe square of the ●xtinction.

‘iable 1 asoumen 100% recordint ●fficiency (c = 1). This efficiency varies ~reatly from one Lechnlque to
another; it is tenerally the product cf (1) the quantl~ ●fficiency of the recordint medium, ●nd (2) the x-ray
tathering ●fficiency of !he lmatint optics.

For contact imatint, tbe gmtherin[ ●fficiency ia unity, but the quantum efficiency of ● single layer of
reoimt ia Iimit@d by diffraction, X rays ● re diffracted around the fine featureo of the specimn so that the
image from ●ven thoBe featurea in intimate contact with the ren~nt is blurred ● t ● di~tance 6a/A inside Lhe
resist. The blurrint LO ●xacerbated by the divergence ●nd variation in initial direction of the secondary-
●lectron shower, and ●lso by ~iffraction In the reniat itself. Further complication occurs in the ●tching
proceos, because unexpooed renist will be ●tched in all three dimensions, ●lbeit ● t ● slower ratr than rx-
poced rraist. ConsiderLot diffraction arouod specimen features only, the recording efficiency [or ● s~nglr-
layer resist is Ieam Lhan

pr6a/A , (2)

where p is the linear absorption coefficient of the resist, For PtM4 this ●fficiency in abouL 5% with
6=10& and A=30m. This su~~emr.a ●n ●dvanta~e accrues to ● rcsiot with Jartc p , The problem could In
principle be ●laminated by uoing mwltiple layer resist, ●nd ●tchint the layer- sep~rately, but th~b wnuld
require very thin layers and ●uch computation for recnnmtructlon.

The optical analo~ue x-ray ■icroscope has ● poor tatheriog ●fficiency; frm solid anslr ●rtuments it in
Iesa than

\l 1 -{l- (A/a);]’] , (1)

●msumin: dlffu~a illumination, A rondenner lens can considerably ●nbanc~ this ●fficiency, hut nqt ● ore than
● n order of •atnitud~, If a ■ 50 M ●nd A ■ 30 M, the tatheriag ●fficiency io Ieno than 1 K 10 ‘, hwver,
●~tentially unit-qu.antum-ef-iciency photo~raphic film could be us~d to record the ima~e, In mintmizlng
dosa~e to the apeci~n, ocamint clearly ham the ●dvantmga,

The frinte pattarn of ● Frennhl-tranafom holo~raa has ● thre~-dlmnaional character that w1ll rxpomr the
retimt ●lent COIWO that are not oaceomsrily noml to the turface.
however,

Unlike tb~ came of contact ●icroscopy,
tha ●ntles of penetration of th. .rin#eo ● re more depandaut on the ~emtry of the ●pparatun than on

details of the ●peci~n Since w kmw tbo ~eooet~ of the ●pparatus, we can compensate for tb? varytns
●ntlem of penetration, ●nd, iO general, the variation in sngle will chan~o ●ions the reaio~ ~urface on length
ncaleo of the ~am- ma~nitude so tha leutth scale of the ●pptratus. [f tho nomal diatarrrc from tht oprrlmen
to the plaonr recordin~ ourface in ● Oabor-type hola~rtph ie d, tad the cbaracteriotic dimrnsionm of !hr
npacimeir ● tc small c~arcd tn d, then the •~laa of penetration of the frinten into the re~ist ● r? glv~n by

~-. ..— ..—
0 = tan-l[Y - ~ ●2(x- Jip-3Tf)l (4)



-.. — . . —.. . ..— ___ ..— .. _.. _ .— . .._

. ..- . _J!.!!2Y (’”dJ.4’-s-’”8 ‘- ‘. I @J!Lzw_-!!... -...–- .-

bact Gr-alrsl \uncact br km Iuglnc .- Hi r roho Io~rapby

wass CLU9S1M Llluula
-. ..- . .—— ------- ---- —— .—

~in (cl [-) (-) #s=%- 10 D 20 - 30 - 6=5- 10 1- 20- 5om
----- . . ——. .-. —- ..—. .—-— _____ . ——- -.—— —- ---- -_ ..._ . .-—

Tabrro --18
wra

krpw
wi ra

,.-ls

,O-li

,.-l%

,.-l%

,.-14

10-’3

10-’2

1o-”

,.-10

,.-9

10-8

1*
-1

10
-6

1.10’6

1=10’4

,.,0’4

4.,o’~

2910”

2,,0”

z-lo”

Z.,q”

1=[0”

2s,0”

,.,0”

2=10’2

l=lu’q

-. -. --

Z-10’2 -- -.

2=,0’2 ,.,0’0 --

6A,013 ,.,01’ 4s,09

3. [0’ s-lo? Ja #

-105 Smlor 3=105

3X 10’ 5XI07 3X #

as IIJ’ 5.10’ 3=105

4. [0’ lm[ol 48105

y.lo’ 5= # W05 3sJO”

Zm# ~MIo’ z. 105 ,X,o”

,s,”’0 6.,(JB Ja # 3sJ0’Z

IAIO’F 2,,0’6 ,.,0’4 ~.,o’q

--

--

.-

,.,010

-195

6=105

44

78195

9105

SSJ05

M105

88106

,.,014 *

m

a



where Y = yI-A, X = d/A, ●trf y is the dlstan:e along the res*st from the ●xis Gf s~try. If the expoaurc of

the resnc is read with ● transmission ●lectron ●icroscope, the nonlme.srttles lntrGduced bY the three-
dmrnslonal character of the fringe pattern can be compensated by tiltins the resist according to Eq [*J.

An ●lternative lS LO shape the s.rface of the resist so thxt the colm of the frlnse Pattern ●rc ●1-SYS
normal. If the x JXIS IS the ●xis of a~try. then the ●ngle of the normel of the reslct surface wltn
respect to the x ●x~s LS given by Eq. (k) with X = x/A. If X >> y, then Eq. (f+) becomeb

where b la Lhe dlacance Betweeu the specimen ●nd recording surface. This lmpliea thaL the surface shctild be
● spherical shell with radius 2b.

In Leith-Upatnleka hOIGgraphy, there is no axis of symmetry, so the ●ngle of peSIetraLlOn la ● compilcaced
function of poslcimt on the recording surface, which can be derived by coordinate transfcmatlon =t Eq II.]

In the far-~leld case, however, It depends only on the geometry of the ●pparstus ●nd can be ●cc.raceiy cem-
penaated by tlltlng m readout.

In Fourier-transform holography with spherical reference waves, the frmgen peneLrate radlaiiy In the
far-field. A planar slab of resist could be ●achy lnLerpreted by clltmS ●t the ●ngle from the spt~i-~ LO

the recxst surface. If a spherical shell of reslat were used. all the colums would be nccmal tc ttie sur-
face. ThIIs realsu could be used with near-unxty quantum ●fficiency, b+t because there la no gralrislze pr=b-
lem. sther high-efficiency detectors could be used ● x well.

TaDLc 2 a~arlzea the features ●nd recGrdxng ●fficiency cf the varlc.us short-~avelength bio.alcroscopy
Lechnlqties. When ●sclmxtlng tlk dGsage given ● specmen. the doaagea given In Tsble 1 ● .ac be dlvidea ir~ the
reccralng ●fflc~ences in Table 2.

Tabic 2- S_ry of Optical Femures ●d Rmordlng Efficiencies

TtILs proper haa compaleJ the contact msgin~. lens mating, ●nd ●IcIofiolo:rapbic techniques for x-ray
microscopy of biological apeclmetso ?flcrohGlography 10 dlstlnsuished from the rth-r tecftmlqu~a by Lre r~-
quiramarrt that the image be formed from coherontiy scattered photona The ●dvanragea of holography dlscr.raard
in Lhia paper ● re (II it suffern lCSB IG:3 of reoolucion than th~ other technique- owln: LO th~ t~r@F-
dimenaional intenst*y pace-rno within the recording ourfacn. (:) lL ptovkdea. in ● alttsl~ ●xP@sUre. t~p
itrfocmation that wruld raqulra multipl~ ●xpoaureo by otbar trchnlquea. ●nd (Ii it cl~mlnst~a tn~ fier.f i,.r
lenm-m. which are diffLcult to fabricate in th~ s-ray regAme
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